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Thephospholipidorganizationi unilamellarvesiclescomprisedof variouspurifiedphospholipidcomponents
of monkeyerythrocytemembranewasascertainedusingphospholipaseA2andtrinitrobenzenesulfonicacid
asexternalmembraneprobes.Thevesicleswereformedbysonicationor detergentdialysisandfractionated
bycentrifugationor gelpermeationchromatography.Experimentsweredonetoconfirmthatthephospholi-
paseA2treatmentsdidnotcauselysisor inducefusionof thevesicles.This enzymehydrolysedonlythe
glycerophospholipidsn the outersurfaceof the vesicles.The amountsof the externalphospholipids
determinedbythisenzymaticmethodwereverifiedusingthechemicalprobe,trinitrobenzenesulfonicacid.
The choline-containingphospholipidsandphosphatidylethanolaminelocalizedrandomlyin thetwosurfaces
of sonicatedvesicles(outerdiameter,about30nm),whereasphosphatidylserinepr ferentiallydistributedin
theinnermonolayer.Thisphosphatidylserineasymmetryvirtuallydisappearedin detergentdialysedvesicles
(outerdiameter,about45nm).Furthermore,inclusionof cholesterolinboththetypesof vesiclesresultedin
morerandomglycerophospholipidd stributionsacrosstheplaneof vesiclesbilayer,presumablydueto the
cholesterol-inducedincreasesin the size of vesicles.Theseresultsdemonstratethat the transbilayer
distributionof erythrocytemembranephospholipidsin unilamellarvesiclesarecontrolledmainlyby the
surfacecurvatureratherthanbyinterlipidinteractions,andthereforesuggestthatphospholipid-phospholipid
andphospholipid-cholesterolinteractionsshouldnotplayanysignificantrolein determiningthemembrane
phospholipidasymmetryin redcells.It isproposedthatthisasymmetryprimarilyoriginatesfromdifferential
bindingsof phospholipidswithmembraneproteinsin thetwoleafletsof themembranebilayer.
Introduction
Variousmembranecomponentsareasymmetri-
callylocalizedin twohalvesof membranebilayer
[1,2].Generally,theproteinsaredistributedwith
anabsoluteasymmetrywhilethevariousclassesof
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phospholipidsarepresentin bothmonolayers,al-
beit in unequalamounts.In erythrocytemem-
brane,phosphatidylcholine(PC) andsphingomye-
lin (SM) arelocalizedmainlyin theoutermono-
layerwhereasphosphatidylethanolamine(PE) and
phosphatidylserine(PS) arepresentalmostexclu-
sivelyin theinnermonolayer[3].
Severalinvestigatorshaveattemptedto under-
standthe intermolecularinteractionsthat might
induceasymmetricdistributionof phospholipids
acrosstheplaneof redcellmembranebilayerby
studyingbinarymixturesof phospholipidsin uni-
lamellarvesicles[4-9].It hasbeenshownthatPE
420
in smallunilamellarvesiclesconsistingof PC and
PE (> 10 mol%)distributespreferentiallyin the
innermonolayer[4,5]whileSM in PC/SM vesicles
preferstheoutermonolayer[6].Furthermore,PS
in smallvesiclespreferstheinnermonolayer[6],at
leastatlow PSconcentrations[7].
To evaluatethesignificanceof theabovefind-
ingsin termsof thefactorsthatinducemembrane
phospholipidasymmetryin red cells,we have
studiedthe transbilayerdistributionsof monkey
erythrocytemembranephospholipidsin unilamel-
lar vesicles.The vesicleswerepreparedin the
absenceaswellasin thepresenceof 40weight%
cholesterolfromthephospholipidmixtureconsist-
ing of PC, SM, PE andPS in a ratiosimilarto
that observed in erythrocytes, and were
fractionatedby centrifugationor gelpermeation
chromatography.PhospholipaseA2 and trinitro-
benzenesulfonica id(TNBS) wereusedas exter-
nal membraneprobesto studythephospholipid
organizationin vesiclesbilayer.The experiments
werecarefullycontrolledto assurethattherea-
gentsdid not lyseor permeatethevesicles.The
resultsof thesestudiesshowthatthetransbilayer
distributionsof erythrocytemembranephos-
pholipidsin unilamellarvesiclesare determined
mainlyby thepackingconstraintsimposedby the
surfacecurvatureratherthan by somespecific
interlipidinteractions.
MaterialsandMethods
6-Carboxyfluoresceinand TNBS were from
EastmanKodak Companyand SigmaChemical
Company,respectively.PhospholipaseA2 was
purifiedfromNaja najasnakevenom(Haeffkine
Institute,Bombay)by themethodof Blecher[10],
to a proteinconcentrationof approx.1 mg/ml.
[3H]Cholesteroland [3H]inulin werepurchased
fromtheRadiochemicalCenter,Amersham,U.K.,
and New England Nuclear, respectively.Egg
[methyl-14C]PC(30 ILCi/lLmol)waspreparedas
describedbyGuptaandBali[11].SephadexLH-20
(25-100ILmbeads)and SephadexG-50 (20-80
ILmbeads)wereobtainedfrom PharmaciaFine
Chemicals.Bio-Gel A-50m was from Bio-Rad
Laboratories.Pre-coatedsilicagel60F-254TLC
plates(20X 20cm,0.2mmthickness)werebought
fromE. Merck.Silicagel(60-120mesh,activity
2-3) waspurchasedfromSiscoResearchLabora-
tories,Bombay,India.
The assayof radioactiveisotopeswascarried
outin a Packardtri-Carb 3330liquidscintillation
spectrometerwith2,5-diphenyloxazole(4.0g),1.4-
bis[2-(4-methyl-5-phenyloxazolyl)]benzene(0.2g),
2-methoxyethanol(500ml) and toluene(500ml)
asthescintillator.
Isolationand purificationof phospholipidsfrom
monkeyerythrocytemembrane
Lipidsfromerythrocytesof freshlydrawnrhesus
monkeybloodwereisolatedby theprocedureof
RoseandOklander[12].Individualphospholipid
componentsfromthemixturewereseparatedby
chromatographyoversilicagel(TableI) andSep-
hadexLH-20.TheSephadexLH-20 chromatogra-
phy wasperformedas describedearlier[13].Al-
thoughchromatographyover silica gel column
separatedmostof thephospholipidcomponents,
further chromatographyof each phospholipid
componenton SephadexLH-20 wasnecessaryto
separatephosphatidylinositol(PI) from tracesof
PE, PS fromthepresumedglycolipidcomponent,
andtracesof coloredimpuritiesfromPE. PurePC,
PE, PS andPI wereobtainedby thisprocedure.
However,SM couldnotbemadefreefromPC by
thismethod.Therefore,theimpureSM wasfirst
treatedindiethyletherwithmethanolicsolutionof
tetra-n-butylammoniumhydroxideandthen,after
removalof the solvents,the mixturewas chro-
matographedon SephadexLH-20.This ledto the
isolationof pureSM in reasonableamounts.
Purityof phospholipidswasexaminedby TLC
on silicagelG-60platesusingchloroform/meth-
anol/water (65:25:4, vIv) as the developing
solventsystem.The spotswereidentifiedafter
stainingtheplatewith iodinevaporfollowedby
molybdenum-bluespray[14].All thesamplesex-
hibitedsinglespots.Each phospholipidcompo-
nentwascharacterizedby its co-chromatography
with theanalyticalsamples,preparedasreported
earlier[15].Thesewerestoredassolutionsin chlo-
roform/methanol(1: 1,v/v) at -20°C underN2.
SeparationofphospholipidsbyTLC
Separationof variousphospholipidswasdone
by two-dimensionalTLC on E. Merck silicagel
TLC platesasdescribedby Polletetal. [16].Spots
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TABLE I
SEPARATION OF MONKEY ERYTHROCYTE MEMBRANE PHOSPHOLIPIDS ON SILICA GEL COLUMN
The column(0.6x4O em,5.0g silicagel) waswashedwith 100ml of chloroform (freeof ethanol)prior to applying thesample.About
250 mg of thecrude mixturewas applied in a total volume of about 2.0 ml of chloroform. The flow rate was 1.5-2.0 mIjmin. 5 ml
fractions werecollected.The fractions wereanalysedby TLC.
Lipideluted
Neutral lipids
Colored impurities
PE
PI +tracesof PE
Traces of someunknown lipid
PS
Someglycolipid +tracesof PS
PC
SM + tracesof PC
No other phospholipid
for differentphospholipidswereidentifiedafter
stainingtheplatewith iodinevaporfollowedby
ninhydrinspray.Thesewereremovedandeluted
witha mixtureof methanolandchloroform(1:1,
vIv) for severaltimes.Total phosphoruspresent
in eachspotwasdeterminedasdescribedbyAmes
and Dubin [17].The recoveriesof variousphos-
pholipidsfromsilicagelwereover95%.
Preparationofuni/amellarvesiclesbysonication
A solutionof PC, PE, SM andPS in theab-
senceas wellas in thepresenceof 40 weight%
cholesterolin chloroform/methanol(1: 1, vIv)
mixturewasevaporatedin a glasstubeundera
slowjetof N2,resultingin theformationof a thin
lipid film on thewallof thetube.Final tracesof
solventswereremovedby leavingthe tube in
vacuofor 3-4 h. Thelipid mixturewasdispersed
in Tris-bufferedor phosphate-bufferedsaline(10
mM in 0.9%NaCl, pH 7.4)so as to achievea
concentrationof about2.5-5.0/lmol lipid P/ml
buffer. It was vortexedfor 5-10 min at room
temperature.Thelipiddispersionsoobtainedwas
carefullytransferredtoa cuvetteandsonicatedat
ODC(or ~20DC)underN2 usinga probe-type
sonicator(MSE 150W, 20KHz) to giveanopti-
callyclearsuspension(30-45min).Thesonicated
preparationswerecentrifugedat105000X g(Ti-50
fixedanglerotor)for 60minat lODCtoaffectthe
removalof titaniumparticlesas well as poorly
dispersedlipids.Onlythevesiclesfoundin thetop
two-thirdsof thesupernatantwereused.
Preparationofuni/amellarvesiclesbydetergentdial-
ysis
The driedphospholipidmixturewasdispersed
in Tris-bufferedor phosphate-bufferedsaline(10
mM in 0.9%NaCl, pH 7.4)containing2%cholic
acidand0.02%NaN3(wIv) so as to achievethe
cholatetophospholipidmolarratioof abouttwo.
It wasvortexedandthendialysedagainst10mM
Tris or phosphate(pH 7.4)containing0.9%NaCI
and0.02%NaN3(4X 500ml)at20DC.Afterdial-
ysis,thevesicleswerefractionatedby centrifuga-
tion as describedabove.The amountof cholate
that could not be removedby dialysiswas de-
terminedbyincludingtraceamountsof [3H]cholic
acid in the lipid/detergentmixture.The molar
ratio of phospholipidto cholatein vesicleswas
approx.230.
Determinationofvesiclesizedistribution
Homogeneityof the vesiclepreparationswas
analysedby columnchromatographyon Bio-Gel
A-50m at 20DC.A downwardflowingcolumn
(1X 50em)of Bio-GelA-50mmaintainedatcon-
stanthydrostaticpressurewasequilibratedwith10
mM Tris-HCIbuffer(pH 7.4).A measuredaliquot
Solvent Solventcomposition Volume of
No. ratio (vIv) eluate
Chloroform Methanol (ml)
1 100 0 100
2 95 5 100
3 90 10 50
4 85 15 50
5 80 20 50
6 75 25 50
7 70 30 60
8 65 35 50
9 60 40 350
10 50 50 100
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(0.5 ml) of the vesiclepreparationwasappliedto
the column and elutedwith the samebuffer at 8
ml/h. Fractionswereanalysedby measuringtotal
phosphorus.
Determinationof lipidcompositionsofvesicle
Lipids fromvesicleswereextractedby Bligh-
Dyerextractionprocedure[18].Afterremovalof
solventsfromtheextracts,thedriedlipid mixture
wasdissolved(approx.4 ILglipidP/ILI) in chloro-
form/methanol(1:1,vIv) mixture.This solution
was appliedto E. Merck silicagel TLC plates
(25-50 ILl/plate) and different phospholipid
specieswereseparatedas describedabove.The
percentageincorporationof cholesterolin thebi-
layerswasascertainedbyincludingabout5 ILCiof
eH]cholesterolin thelipid mixtureandthende-
terminingtheratioof lipidP to 3Hin vesicles.At
least90%of theaddedamountof cholesterolwas
foundtobeincorporatedin phospholipidbilayers.
Preparationof vesiclescontainingtrappedf3HJin-
ulin(orcarboxyfluorescein)
Unilamellarvesiclescontainingtrapped[3H]in-
ulin or carboxyfluoresceinwerepreparedby dis-
persingthe lipid mixturein buffer containing
eH]inulin (approx.5 ILCi/ml) or carbo-
xyfluorescein(0.2M). Freeandtrapped[3H]inulin
(or carboxyfluorescein)were separatedby gel
filtrationon Bio-GelA-50m(1X 50cmcolumn).
The fractionatedvesicleswereconcentratedto
about1ml in anAmiconCentrifloCF-25cone.
Hydrolysisofvesiclephospholipidsbyphospholipase
A]
Vesicles(2-4ILmollipidP)wereincubatedwith
20ILgof phospholipaseA2 in Tris-bufferedsaline
(10mM in 0.9%NaCl containing10mM CaCI2.
2H20,pH 8.5)in a totalvolumeof 2.0ml for2-3
h at 25-30°C.The reactionswereterminatedby
adding50 mM EDTA (1.0rnI).The lipidswere
extractedand the intact and hydrolyzedphos-
pholipidswereseparatedbytwo-dimensionalTLC.
Kineticsof hydrolysisof vesiclePC byphospholipase
A]
For studyingthekineticsof hydrolysisof 'ves-
icle PC, unilamellarvesicleswere preparedafter
including traceamountsof egg[14C]PC(about 1
ILCi) in thelipid mixture.Thevesiclepreparation
wasdividedin twoequalportions.After adding
Triton X-100 (0.5%)or bovineserumalbumin
(9.2.1O-5M) to one of the portions,both the
portionswereincubatedwith phospholipaseA 2
essentiallyundertheconditionsasdescribedabove.
Aliquotsremovedat differenttimeintervalswere
treatedwith equalvolumesof 50 mM EDTA.
Lipids wereextracted.The extracts,after con-
centratingunderN2, wereappliedto silica gel
G-60 TLC platesthatweredevelopedin chloro-
form/methanol/water(65:25:4, vIv). PC and
lysoPCwerevisualizedby autoradiography.The
spotscorrespondingto PC and lysoPCwerere-
movedandassayedfor radioactivity.
LabelingofvesicleswithTNBS
Unilamellarvesicleswerepreparedfrom the
lipidmixturein phosphate-bufferedsaline(10mM
in 0.9%NaCI, pH 7.4)by sonicationor detergent
dialysisasdescribedabove.ThepH of thevesicle
preparationwasraisedto 8.2.To a part of this
preparation(2-4 ILmollipidP) wasaddeda solu-
tionof TNBSinaqueousNaHC03(pH8.2)soas
to givea final concentrationof 20 mM of the
reagentin a totalvolumeof 2.0ml. The mixture
wasincubatedat 20:!::2°C for 40-60 min.After
thisperiod,thereactionswereterminatedby ad-
ding1 M HCI till pH of thereactionmixturewas
about4.0.The lipidswereextracted.The labeled
and unlabeledphospholipidsafterseparationby
two-dimensionalTLC wereestimatedasdescribed
by GuptaandMisra[19].
Kineticsof TNBS labelingofvesicles
Kineticsof TNBSlabelingof aminophospholi-
pids in vesicleswas studiedby modifyingthe
publishedprocedure[8].Toanaliquot(40ILml)of
vesiclepreparation,containingnotmorethan0.25
ILmolof aminophospholipids,wereadded10mM
phosphatebuffer (pH 8.5; 560 ILl) and 0.8 M
NaHC03 (200ILl).After vortexingthemixture,a
20 ILl aliquotof 1.5%TNBS solutionin 0.8 M
NaHC03 was addedand the mixturewas in-
cubatedat 20:!::2°C in dark for differenttime
intervals.The reactionwasterminatedby adding
1.2%Triton X-100(400ILl) in 1.5M HCl. Ab-
sorbanceat 410nm was readwithin 1 h after
terminatingthereaction.Thetotalaminophospho-
lipidcontentinvesicleswasdeterminedasfollows:
an aliquot(40ILl)of thesamevesiclepreparation
as abovewasdilutedto a finalvolumeof 0.6ml
with buffer.To this was added200ILl of 1.6%
Triton X-100in 0.8 M NaHC03 (pH 8.5).The
samplewasmixed.A 20 ILl aliquotof the1.5%
TNBS solutionwas addedand themixturewas
incubatedin darkat 20:t 2°C for thesametime
intervalsas above.After incubation,0.4%Triton
X-100 in 1.5 M HCI (400ILl) was added.The
absorbanceat 410nm was readwithin 1 h of
acidification.Theabsorbanceat410nmwaslinear
withconcentrationtoatleast0.8absorbanceunits.
ResultsandDiscussion
The various phospholipidcomponentsof
monkeyerythrocytemembranewerepurifiedas
describedin Materialsand Methods.The pure
majorcomponents(PC, PE, SM and PS) were
mixedso as to approximatetheir ratio in the
erythrocytemembrane.Unilamellarvesiclesfrom
the phospholipidmixturewerepreparedin the
o
Fig. 1. Elutionpatternsof vesiclesfromBio-GelA-50mcol-
umn.(A) Sonicatedvesicles.(B) Detergentdialysedvesicles.
Multilamellarvesicleswereusedasvoidvolume(Vo)marker.
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absenceaswellasin thepresenceof 40weight%
cholesterolbysonicationor detergentdialysis,and
fractionatedbycentrifugationor gelfiltration.
Homogeneityof the vesiclepreparationswas
routinelyanalysedby gelpermeationchromatog-
raphyonBio-GelA-50m.Thesevesiclesinvariably
elutedwith the includedvolumeof the Bio-Gel
column(Fig. 1). As maybe seenin Fig. 1, the
detergentdialysedvesicleselutedfasterthanthe
sonicatedvesiclesfrom thecolumn.Apart from
thisdifferencebetweenthetwotypesof vesicles,
thepeakwidthat halfheightwassmallerfor the
detergentdialysedvesicles(Fig.1).Theseobserva-
tionsclearlysuggesthatthevesiclesformedby
detergentdialysisare lesserheterogeneousand
largerin sizethanthatformedby sonication.This
was furtherconfirmedby measuringthe outer
diametersof boththetypesof vesicles,usingnega-
tive stainingelectronmicroscopy.The average
outerdiametersof thesonicatedandthedetergent
dialysedvesicleswereabout30 nm (sizerange
25-50 nm) and 45 nm (sizerange35-50 nm),
respectively.Also, theseaveragesizesof vesicles
wereconsistentwith theamountsof trapp~dso-
lutes.Inclusionof 40 weight%cholesterolin the
phospholipidbilayersdid not changeconsider-
ablythesizerangeof boththetypesof vesicles,as
evidencedby theirelutionpatternsfromtheBio-
Gel column,butappearedto induceanapprecia-
ble increasein the averagesizeof vesicles.The
relativeratioof thevariousphospholipidcompo-
nentsin thevesiclesbilayerwasalsodetermined
and foundto be similarto thatobservedin the
erythrocytemembrane(TableII).
The transbilayerdistributionsof glycerophos-
pholipidsin thesevesicleswereasc.;:rtainedusing
phospholipaseA 2andTNBS astheexternalmem-
braneprobes[4,20].Experimentsweredone to
confirmthatthestructuralintegrityof thevesicles
is retainedduringor aftertheirhydrolysiswith
phospholipaseA2. Vesiclescontaining[3H]inulin
or carboxyfluoresceinas thetrappedsolutewere
usedin these xperiments.Thevesiclestabilitywas
ascertainedby (a) measuringthe efflux of the
entrappedsolutes,and (b) gel filtrationof the
hydrolysedvesicles.Leakageof thetrappedsolutes
remainedunaffectedby phospholipaseA 2 treat-
mentsof thevesicles(Figs. 2 and 3). Also, the
elutionprofilesof the hydrolysedvesiclesfrom
"Of
A
At
E 0.5c
0
N
CI:)
III 0
.
II)
II:
f.oL0 B
VI
III
«
0.5
424
TABLE II
MEMBRANE PHOSPHOLIPID COMPOSITIONS
Eachvalueis a meanof 10-15determinations:tS.D..The valuesshownfor PC includetheamountsof thecorrespondingIyso
derivativealso.Theamountsof thisIysolipidin thelipidextractsof redcellsandvesicleswere0-2%and1-3%,respectively.No other
Iysolipidwaspresentin theseextracts.
Bio-GelA-50mweresimilarto thatobservedfor
intactvesicles(Fig. 3, A andB). Thesefindings
completelyexcludethepossibilityof vesiclelysis
duringtheenzymehydrolysis.Moreover,theob-
servedsimilarelutionpatternsof thevesiclesbe-
fore and after the enzyme(or Ca2+) treatment
40 I
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Fig. 2. Efflux of the entrapped6-carboxyfluoresceinfrom
vesiclesduringphospholipaseA2 treatments.Fully quenched
concentrationsof 6-carboxyfluorescein(38)wereentrappedin
vesicles.Free and the trappeddye were separatedby gel
permeationchromatography(seeMaterialsandMethods).After
this chromatography,20-25%of the total dye elutedwith
vesicleswas characterizedas free 6-carboxyfluorescein.No
attemptswere,however,madeto removethisamountof free
dyefromthevesicles.Thesevesicleswereincubatedseparately
with buffer(0), 10 mM Ca2+(L»,phospholipaseA2 (5 I1g
protein/l1mollipid P) and10mM Ca2+(X), andphospholi-
paseA2 and5 mM EDTA ('7)at25-30°C.pH of theincuba-
tion mixturewas about8.5. Measuredaliquotsfrom these
incubationmixtureswerewithdrawnat specifiedperiodsof
timeand theamountsof totaland freedyedeterminedby
measuringfluorescencein thepresenceaswellasin theabsence
ofTritonX-l00 (1%finalconcentration)onanAmincoSPF-5oo
fluorimeterusingexcitationandemissionwavelengthsof 490
and520nm,respectively.Percent6-carboxyfluoresceinrelease
wascalculatedfrom 100XDyer/Dye" whereDyerand Dye,
denotefreeand totaldye,respectively.Degradationof phos-
pholipidsin thevesiclesthatweretreatedwithphospholipase
A2 in thepresenceof Ca2+wasestablishedbyTLC analysis.
o
(Fig. 3, A-C) alsoruleout thepossibilityof the
vesiclefusionin theseexperiments.This wasfur-
therestablishedbyourobservationthatthevesicle
size,as measuredby negativestainingelectron
microscopy,wasnot muchaffectedaftertreating
thevesicleswithphospholipaseA 2'
Earlierstudieshaverevealedthatphospholipase
A 2hydrolysesonlythephospholipidsin theouter
leafletof thevesiclebilayer[20,21].In orderto
verifythesefindingsin thepresentcase,thekinet-
icsof theenzymehydrolysisof thevesiclePC was
examinedasdescribedin MaterialsandMethods.
The resultsshownin Fig. 4 indicatethatduring
theinitialphaseof theenzymereactionthehydrol-
ysisin theintactvesiclesproceededmuchfaster
thanthatin thevesicleslysedwithTritonX-100.
In thefirst30minapprox.70%of thetotalvesicle
PC washydrolysed.After thisperiod,therewere
no furtherincreasesin theamountsof thehydro-
lysedPC upto6 h. Moreover,theseamountswere
notaffectedevenbyincluding9.2.10-5M bovine
serumalbuminin theincubationmixtures,exclud-
ing the possibilityof inhibitionof the enzyme
activityby the reactionproducts[21].However,
additionof methanol!ether(2: 98,vIv) to these
reactionsled to thecompletehydrolysisof all the
glycerophospholipids.
Theseexperimentsstronglyindicatethatphos-
pholipaseA 2hydrolysesonlythephospholipidsin
theexteriorsideof theunilamellarvesicles,without
affectingthevesiclestructuralintegrity.Therefore,
this enzymewas usedto studythe transbilayer
phospholipiddistributionsin variousvesiclepre-
parations.The resultsgivenin TableIII indicate
thattheenzymeinvariablydegradedappreciably
higheramountsof PC thanthatof PE andPS in
vesicles.Thesedifferencesin theamountswerenot
Membrane %of totalphospholipids
PC PE PS SM PI
Monkeyredcell 38.8:t1.0 32.7:t0.8 11.3:t0.7 14.6:t 1.0 2.6:t0.4
Vesicles 39.5:t2.1 29.3:t2.4 10.4:t2.6 20.6:t2.0 0
2o
15
FRACTION
Fig. 3.Elutionprofileof phospholipaseA2 hydrolysedvesicles
containingtrapped[3H]inulin.Vesiclescontainingtrappedin-
ulin wereincubatedseparatelywithbuffer(A), phospholipase
A2 (5p.gproteinjp.mollipidP) and10mM Ca2+(B),and10
mM Ca2+alone(C) at 25-30°C for 60 min. pH of the
incubationmictureswas8.5.Measuredaliquotsof thesein-
cubationmixtureswerechromatographedon Bio-GelA-50m
columns(1.2x 15cm).Eachfraction(0.5mI)wasanalysedby
measuringtotalphosphorusandradioactivity.Fractionseluted
after the fractionnumber28 did not containphosphorus.
Vesiclesthatdid not receivetheabovetreatmentswerealso
chromatographedon thiscolumn.Theelutionpatternsof these
vesiclesweresimilarto thatshownin thetoppanel(A). The
smallpeakelutinglikeinulinispresumablyof freeinulinwhich
did not separateat the initial purificationstep.Positionof
inulinwasdeterminedby passingfreeeH]inulin throughthe
column.
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Fig. 4. Kineticsof hydrolysisof vesiclePC by phospholipase
A2. Vesiclescontainingtraceamountsof egg[14C]PCwere
treated,in theabsence(0) aswellas in thepresenceof 0.5%
Triton X-1OO(8), withphospholipaseA2 andtheamountsof
thehydrolysedPC weredetermined,asdescribedin Materials
andMethods.
dueto partialcleavageof theexternalphospholi-
pidsbecausetheamountsof degradedPC andPE
in vesiclesvirtuallyremainedconstantbetween1h
and4 h aftertheenzymetreatments(Fig.5).
In orderto furtherexaminethesuitabilityof
phospholipaseA 2 to probe the phospholipid
organizationin thevesicles,wehavestudiedthe
transbilayerdistributionof aminophospholipidsin
the two selectedtypes of vesicles(sonicated
vesicles,withandwithout40weight%cholesterol)
usingthechemicalprobe,TNBS. The impermea-
bility of thereagentacrossthebilayerwascon-
firmedby studyingthekineticsof aminogroup
labelingin intactandlysedvesicles(Fig.6).At all
TABLE III
VESICLE PHOSPHOLIPID DEGRADATION BY PHOS-
PHOLIPASE A2
Valuesaremeanof 4-6 determinations:f:S.D.;PL,phospholi-
pid; Chol,cholesterol(40weight%).
4
I \ A
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2
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4
Samples PC PE PS
(%) (%) (%)
Sonicatedvesicles
PL alone 73.4:f:1.5 67.0:f:1.4 46.5:f:2.8
PLjChol 70.2:f:2.3 67.8:f:1.1 55.6:f:1.9
Detergentdialysed
vesicles
PL alone 62.6:f:1.8 60.7:f:2.5 54.8:f:1.7
PLjChol 59.0:f:2.2 58.3:f:2.4 57.4:f:1.2
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Fig. 5. Kineticsof phospholipaseA2 hydrolysesof PC andPE
in vesicles.PhospholipaseA2 treatmentsof vesiclesfor differ-
ent periodsof timewerecarriedout undertheconditionsas
givenin MaterialsandMethods.After blockingtheenzyme
activitywith EDTA, the hydrolysedvesiclelipids wereex-
tractedand theamountsof thedegradedphospholipidswere
determined.Valuesshownfor PC (0) andPE (8) aremean
fromduplicatexperiments.Thevariationwas2-5%.However,
% degradationof PS at 30mincouldnotbedeterminedwith
thisaccuracy.Theamountsof hydrolysedPS in vesiclesdidnot
increaseafterthe2 h treatment.
timeperiodssignificantlyhigheramountsof the
phospholipidswerelabeledby TNBS in thelysed
vesiclesascomparedto thosein theintactvesicles.
A continuousincreasein the labelingamounts
0.75
o
o 20 <40 60
TIME (MINUTE)
Fig. 6. Kinetics of labelingof thevesicleswith TNBS at 20°C.
Vesicleswere treatedwith TNBS in the absence(0) as well as
in the presenceof Triton X-100 (8) as describedin Materials
and Methods.The amountsof amino group labelingsat differ-
ent periods of time weredeterminedby measuringabsorbance
for yellow color at 410nm, afteracidification. In casewhen the
sameexperimentwascarried out at or above25°C the labeling
curve for intact vesiclesdid not plateauupto 60 min.
withtimewasobservedupto thefirst30min.No
furtherincreasesin the amountsoccurredafter
thisperiod.Thesefindingsindicatethatunderthe
presentexperimentalconditionsTNBS doesnot
permeatethevesiclebilayerandthustheamounts
of PE andPS thatwerelabeledby thisreagentin
intactvesicles(withoutcholesterol:PE =68:t 2%
andPS=48:t 3%;withcholesterol:PE =66:t 2%
and PS=54:t 2%) should representthe total
amountsof thesephospholipidsin the external
monolayer.As may be seenin Table III, the
amountsof PE and PS thatwerehydrolysedby
phospholipaseA2 arequitecomparableto those
modifiedby TNBS in intactsonicatedvesicles,
againindicatingthat the enzymedegradedonly
theexternalphospholipids.
Severalinvestigatorshaveshownthatthetrans-
bilayerexchange(flip-flop)of phospholipidsin
modelmembranesystemsis a veryslow'process
[22].However,sincerapid exchangecan occur
undersomeconditions[23],the possibilitythat
inclusionof cholesterolin the phospholipidbi-
layersmay enhancethetransbilayerexchangewas
excludedby studyingthekineticsof aminophos-
pholipid labeling in the vesiclescontaining
cholesterol.The resultsobtainedin thesestudies
werealmostidenticalto that shownin Fig. 6,
suggestingthat cholesterol incorporationin
vesiclesdid not inducephospholipidexchange
acrossthebilayer.
i Theseobservationsdemonstratethatthephos-
pholipase A 2 hydrolyses all the external
glycerophospholipidsin intactvesicles,and that
thereis no rapid transmembranexchangeof
phospholipidsacrossthevesiclesbilayer.Thusthe
accessibilityof the variousphospholipidsto the
enzymein intactvesiclescandirectlybecorrelated
with theirlocalizationin theexternalmonolayer.
Hence,approx.73%PC, 67%PE and46%PS are
distributedin theoutersurfaceof thesonicated
vesiclesthatwerefreeof cholesterol(TableIII).
Theseamountsof theexternalglycerophospholi-
pids accountfor only about 53%of the total
vesiclephospholipids.As the fractionof phos-
pholipidmoleculesin theoutermonolayerof small
vesiclesis abouttwo-third,approx.70%of total
vesicleSM shouldbeexternal.This meansthatin
thesesmallvesiclesPC, SM andPE arerandomly
distributedin thetwomonolayers,whereasPS is
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.localizedpreferentiallyin the inner monolayer.
However,thisasymmetricdistributionof PSvirtu-
allydisappearedin largersizevesicles(outerdiam-
eter,about45nm)thatwereformedby detergent
dialysisand fractionatedby centrifugation.Not
onlyPS,butalsoPC, SM andPE weresymmetri-
callydistributedin thedetergentdialysedvesicles
(TableIII), as theamountof externalphospholi-
pidsin thevesicleshavingouterdiameterabout45
nm is approx.60%of thetotalvesiclephospholi-
pids[24].
The observedtransbilayerdistributionsof SM
and PE in thesonicatedvesiclesdo not seemto
agreewith the resultsof earlierstudieswhich
showedthatPE in PC/PE (> 10mol%)vesicles
prefersthe inner monolayer[4,5]and SM in
PC/SM vesiclesthe outermonolayer[6]. This
discrepancyis probablydue to themarkeddif-
ferencesbetweenthelipid compositionsof small
vesicles tudiedhereandpreviously[4-6].How-
ever,as observedearlierin vesiclescomprisedof
binary mixturesof phospholipids[6,7],PS in
sonicatedvesiclesof erythrocytemembranephos-
pholipidsdistributedpreferentiallyin the inner
monolayer.Nevertheless,thisasymmetricdistribu-
tion of PS virtuallydisappearedin largersize
vesicles,suggestingthatthePSasymmetryin small
vesicleswasenforcedmainlyby thepackingcon-
straintsimposedby the high degreeof surface
curvature[25].It maythereforebe inferredthat
erythrocytemembranephospholipidsin unilamel-
lar vesiclesprefertherandomtransbilayerdistri-
butionratherthantheasymmetricdistribution,as
observedearlierin thenativeerythrocytemem-
brane[19].
Van Deenenandco-workershaveshownthat
cholesterol,a majorlipid componentof red cell
membrane,interactspreferentiallywith PC in
PC/PE mixtures[26]and with SM in SM/PC
mixtures[27].To evaluatetheinfluence,if any,of
thesedifferentialinteractionsof cholesterolwith
phospholipidson thetransbilayerdistributionsof
theerythrocytemembranephospholipids,wehave
analysedthephospholipidorganizationin vesicles
consistingof thephospholipidsand40 weight%
cholesterol.Theeffectof cholesteroln thevesicle
asymmetrywasascertainedbycomparingtherela-
tiveratiosof externalglycerophospholipids.It was
presumedthatthehigheraffinityof cholesterolfor
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TABLE IV
RELATIVE RATIOS OF EXTERNAL GL YCEROPHOS-
PHOLIPIDS IN VESICLES
Theratiosof theexternalPC ([PC).) to theexternalPE ([PEl.)
or theexternalPS([PSI.)werecalculatedfromthemeanvalue
of thephospholipidfractionthatwasaccessibleto phospholi-
paseA2 in intactvesicles(seeTable III). PL, phospholipid;
Chol,cholesterol(40weight%).
Samples [PC)./[PEI.
Sonicatedvesicles
PL alone 1.09
PL/Chol 1.03
[Pc)./[PSI.
1.58
1.26
Detergentdialysedvesicles
PL alone 1.03
PL/Chol 1.01
1.14
1.03
SM andPC may,in principle,leadtoadecreasein
theamountsof externalaminophospholipidsand
consequentlyanincreasein theratiosof theexter-
nal PC to theexternalPE (or PS). But TableIV
showsthattheseratiosdecreaseduponincorporat-
ingcholesterolineitherof thetwotypesof vesicles,
suggestingthatthecholesterolincorporationleads
to morerandomarrangementsof phospholipids
acrossthevesiclesbilayer.This decreasein the
ratioscannotbeduetopreferentialinteractionsof
cholesterolwithSM andPC butcouldarisefrom
the cholesterol-inducedincreasein the size of
vesicles.An increasein thevesiclesizewasquite
evidentfrom the elutionprofilesof cholesterol-
containingvesiclesfromtheBio-Gelcolumn,which
is in agreementwithearlierreports[28,29].
Conclusion
Presentstudy indicatesthat the transbilayer
distributionsof redcellmembranephospholipids
in unilamellarvesiclesarelargelycontrolledbythe
packingconstraintsimposedby degreeof surface
curvature[25]ratherthan by interlipidinterac-
tions.Thefactthatthesizeof theredcell(about8
ILm)is muchlargerthanthatof thevesicles,these
phospholipidsin protein-freered cell membrane
mustbe randomlydistributedin thetwo mono-
layers.Therefore,theasymmetricdistributionof
phospholipidsin this membraneshouldbe in-
ducedby somefactorsotherthanthe interlipid
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interactions.We suggesthat the phospholipid
asymmetryin redcellsprimarilyarisesfromdif-
ferentialbindingsof phospholipidswith mem-
braneproteinsin thetwohalvesof themembrane
bilayer.This suggestionfindsstrongsupportfrom
the earlierstudieswhich showedthat red cell
membraneskeletalproteins,especiallyspectrinand
4.1polypeptide,differentiallyinteractwithphos-
pholipidsin monolayers,vesiclesanderythrocyte
ghosts[30-32].That theinteractionsbetweenthe
membraneskeletalproteinsand the innerlayer
phospholipidsprobablymaintainthephospholipid
asymmetryin thenativeerythrocytemembraneis
amplydemonstratedin thestudiesof themam-
malianredcellsthatpossessabnormalmembrane
skeleton[33-37].
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